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Abstract

During exploratory class missions outside the protection of the earth’s magnetic field
astronauts will be exposed to particles of high energy and charge (HZE particles). A consequence
of exposure to these particles is the potential disruption of cognitive performance which depends
upon the integrity of the CNS. Because cells throughout the body will be impacted by HZE
particles it may be important to understand the contribution of non-neuronal cells to the
development of a performance decrement. The present review examines the effects of partial body
exposures (head-only/body-only) in comparison to whole-body exposures on cognitive

performance.

Introduction

Future long-duration space missions will involve travel outside of the protection of Earth’s
magnetosphere, which will greatly increase astronauts’ exposure to high energy and charge (HZE)
particles and protons. These particles arise from solar particle events (SPE), which originate from
the sun, and galactic cosmic rays (GCR) that originate outside the solar system and are likely
formed by exploding supernova. During periods of intense solar activity, SPEs can deliver high,
and potentially lethal, doses of protons to astronauts and spacecraft outside the protection of the
Earth’s magnetosphere. GCR on the other hand, occur at much lower flux, but contain protons,
helium ions, and HZE particles. While HZE particles are less abundant, they have significantly
higher ionizing and penetrating power, and as such, are difficult to shield and display a greater
potential for radiation-induced damage (NASA Space Radiation, 2017). Exposure to these

particles could permanently damage multiple tissues, including the central nervous system (CNS)
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and result in deleterious effects on the brain and behavior that could ultimately jeopardize mission
success. Ground-based studies suggest that exposure to protons or HZE particles induce profound
neurobehavioral changes in rodents. The exact mechanisms of these HZE-induced changes are
currently unknown, but appear to be related to altered neurogenesis, gliogenesis, neuronal
signaling, inflammation, and oxidative stress, in addition to structural changes in brain regions

important for learning, memory, attention, and other cognitive processes.

In general, HZE and proton exposure has been shown to negatively impact various cognitive
domains, including learning and memory, attention, and motivation. For example, exposure to *°Fe
particles, the densest HZE ion present in cosmic rays (Curtis & Letaw, 1989), induces deficits in
various tests of spatial and recognition memory and attention (Manda et al., 2008; Suresh Kumar
et al., 2015; Shukitt-Hale et al., 2000, 2003; Britten et al., 2012, 2016a,b), reduces hippocampal
neurogenesis (Rola et al., 2004; Rivera et al., 2013), and alters structural, cellular, and molecular
components in brain regions important for learning and memory, such as the entorhinal cortex,
thalamus, and hippocampus (Huang et al., 2009; Impey et al., 2016; Cherry et al., 2012; Machida
et al.,, 2010; Parihar et al., 2016). Further, exposure to HZE particles or protons also produces
deficits in behaviors which are mediated by several neurotransmitter systems, including dopamine-
mediated behaviors such as amphetamine-induced conditioned taste aversion learning (Rabin et
al., 1998, 2000, 2002), conditioned place preference (Rabin et al., 2000, 2003), motor performance
(Joseph et al., 1992, 1998a), sensitivity to haloperidol-induced catalepsy (Joseph et al., 1998b),
changes in oxotremorine-enhanced K(*)-evoked dopamine release (Joseph et al., 1992; Shukitt-
Hale et al., 2004), and alterations in hippocampal glutamate neurotransmission (Machida et al.,
2010) in addition to deficits in learning, memory, and attention (Britten et al., 2016; Davis et al.,

2014; Lonart et al., 2012; Wyrobek & Britten, 2016; Davis et al., 2015).

A comprehensive review of the effects of exposure to HZE particles on behavioral performance
has recently been published by Kiffer and colleagues (2019). The present review is focused on
the effects of partial body exposures on cognitive performance in an attempt to determine which
effects are dependent on exposure of the CNS and which effects may result from whole or partial
body exposure. Although behavior is dependent upon the functioning of the CNS, the role of the
body in the disruption of cognitive performance following exposure to HZE particles, either as a
component of whole-body (including the head) or body-only (head shielded) irradiation, remains

to be clarified.
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Direct Effects

Initial studies comparing partial and whole body exposures involved exposing subjects to
gamma radiation. Gamma radiation is sparsely ionizing radiation in contrast to HZE particle
radiation which is densely ionizing, which means that the mechanisms by which biological damage
is produced may also be different. One of the first studies to investigate the central or peripheral
effects of irradiation on physiological processes was published by Kandasamy and colleagues
(1988). Using head-only, whole-body, or body-only (head shielded) exposures, these investigators
examined the underlying mechanisms of radiation-induced changes in thermoregulation. Gamma
irradiation-induced temperature changes were found to be dose-related, with hyperthermia
following doses <15Gy and hypothermia following higher doses (e.g., >20Gy). When the head
was shielded from exposure, however, no substantial changes in body temperature were found
regardless of the dose used. Importantly, head-only and whole-body exposures (with the head
exposed) induced the same temperature changes. Kandasamy and colleagues (1988, 1990)
concluded that radiation-induced hyperthermia and hypothermia were both centrally mediated, but
that different neurotransmitters or modulators, such as histamine or prostaglandins (e.g., PGE2,
PGD?2), were responsible for these effects. Similar to these results with gamma irradiation,
different HZE particles, including °Fe, “°Ar, ?°Ne, or *He, were shown to induce dose-dependent
biphasic changes in body temperature (Kandasamy et al., 1994). Lower doses of these ions were
shown to induce significant hyperthermia, with *Fe producing the most robust changes in body
temperature. Interestingly, the biphasic changes in thermoregulation following *Fe were dose-
dependently attenuated by indomethacin, mepyramine, or cimetidine, which supports a role for

prostaglandins and histamine in radiation-induced hyper- or hypothermia, respectively.

In addition to these changes in thermoregulation following radiation exposure, additional work
has shown differences in radiation-induced taste aversion learning following head-only or partial-
body exposures to gamma radiation in animal models. Conditioned taste aversion learning is a
Pavlovian association between a distinctive tastant (e.g., sucrose solution) and a malaise-inducing
agent or toxin, such as ionizing radiation. Thus, after pairing the sucrose solution (conditioned
stimulus, CS) with exposure to ionizing radiation (unconditioned stimulus, US), subsequent
presentations of the sucrose CS result in decreased consumption and avoidance of the CS. One of
the earliest studies investigated gamma radiation-induced taste aversion learning using head-only

or body-only exposures in rats. In this study, Rabin and colleagues (1994) demonstrated that the
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area postrema, a medullary brain region with a role in controlling autonomic functions of the
central nervous system and chemoreception, mediated radiation-induced taste aversion learning
following body-exposure, but not following head-only exposure. More specifically, lesions of the
area postrema completely attenuated radiation-induced decreases in sucrose consumption
following body-only exposure. While the same lesions reduced the aversion following head-only
exposure, lesioned and irradiated rats still displayed a significant decrease in sucrose consumption;
irradiated lesioned rats did, however, consume more sucrose than non-lesioned irradiated rats.
These results demonstrated that while aversions from an irradiated body were controlled via the
area postrema (most likely due to its chemoreceptive role in toxin detection), exposures to the
head-only were mediated by an additional mechanism(s) hypothesized to reside in the central
nervous system. Nonetheless, radiation-induced taste aversions, where radiation is the US, are not

assessing learning per se, but are demonstrating radiation's effects as a toxin on the body.

In general, whole-body and head-only exposures to HZE particles and protons produce similar
effects on cognitive performance and markers in the brain. Head-only or whole-body exposures
to protons and HZE particles disrupt performance on novel object recognition tasks (Villasana et
al., 2013; Haley at al., 2013; Rabin et al. 2015; Parihar et al., 2016), spatial learning and memory
using the Morris water maze (Haley et al., 2013; Shukitt-Hale et al., 2007; Villasana et al., 2013;
Yeiser et al. 2013), Barnes maze (Britten et al. 2012, 2017), open field activity (Belov et al., 2016;
Pecaut et al. 2002; Casadesus et al., 2004; Kiffer et al., 2018), fear conditioning (Parihar et al.,
2018; Raber et al., 2011; Villasana et al., 2010), in addition to altering molecular, structural,or
functional measurements in the brain (Huang et al., 2010; Obenaus et al., 2008; Parihar et al., 2016,

2018; Poulouse et al., 2017) .

Interestingly, a deficit in one cognitive domain and/or behavioral test does not necessarily
predict deficits in another following radiation exposure. Britten and colleagues (2016) have
reported that rats exposed to 20 cGy of %Fe (1 GeV/n) particles showed a deficit in attentional set
shift performance but did not also show a deficit in spatial memory (Barnes maze). The different
effects of irradiation on behavior between the two measures of cognitive performance may have
reflected the fact that the tasks are dependent upon different cortical areas: attentional set shift
performance is mediated by the medial prefrontal cortex whereas spatial performance is mediated
by the hippocampus. Analyzing the cognitive performance of individual subjects following

exposure to protons (150 MeV/n, 25-100 cGy), Davis et al. (2014) reported differences in
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performance between the rodent psychomotor vigilance task (rPVT) and a line orientation
discrimination task. These two behavioral tests are mediated by different brain regions: the rPVT
is a sustained attention test controlled by the frontal-parietal attention network and motor regions
(Drummond et al., 2005), whereas the line discrimination test is a reversal test primarily controlled
by the orbitofrontal cortex (Izquierdo et al., 2017). Disruption of performance on the rPVT was
related to changes in the dopamine transporter and D2 receptor, in addition to tyrosine hydroxylase
levels in the frontal, but not parietal cortex, suggesting brain region specific changes that could
account for these behavioral differences (Davis et al., 2014, 2015). Thus, it appears that radiation
exposure can alter some cognitive domains while leaving others intact, which is most likely a
function of more severe damage to one brain region over another. However, these differences
could also be evident due to the complexity or sensitivity of the behavioral tasks employed, with
more complicated or sensitive tasks being disrupted across multiple cognitive domains. Similarly,
a cognitive deficit observed during one series of experiments may not be observed in a subsequent
series of experiments (Rabin et al., 2015). In addition to HZE particle-induced changes in the
performance of specific cognitive tasks, there are also changes in cognitive performance as a
function of age such that deficits that are not observed in young subjects may be observed in older

subjects (Rabin et al., 2005, 2014).

While these studies suggest that that there are no qualitative differences as a function of the
method of exposure, it is possible that there may be differences in the severity of the deficits
reported. Most studies examining the CNS effects of HZE and proton irradiation have employed
whole-body exposures to best mimic what is expected for astronauts on a long duration mission.
These studies show that whole-body exposures routinely elicit changes in the CNS, including
deficits in behavioral tests and decreases in cell division and neurogenesis in the brain (Rola et al.,

2004; Rivera et al., 2013; Raber et al., 2004, Casadesus et al., 2005).

Because cognitive performance depends upon neuronal function, the observation of equivalent
changes in neuronal function and cognitive performance following head-only and whole-body
exposures to HZE particles and protons, raises a question about the contribution of exposure to the
body on space radiation-induced changes in neuronal function and cognitive performance. There
have only been a few studies that have directly compared the effects of partial or whole-body
exposures to protons and HZE particles on cognitive performance and neuronal function. Overall,

the effects of head-only or whole-body exposure to protons are similar (Rabin et al., 2015).
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Differences are observed in the threshold needed to effect a change in cognitive performance.
Which exposure condition (head-only/whole body) is most effective in disrupting performance
varies as a function of the specific cognitive task (novel object recognition/operant responding)
and the particle energy. Similar results are obtained with partial/whole body exposures to 0
particles (Rabin et al., 2014). Whether whole-body, head-only or body-only exposures disrupt
cognitive performance at the lowest dose varies as a function of the task. There are no differences
between the three treatment conditions in the performance of a novel location task. Body-only
exposures did not affect performance of a novel object recognition task, but were the most effective
treatment condition in disrupting operant responding compared to head-only or whole-body
exposures. While the use of shielding (tungsten bricks) does permit some radiation exposure to
the shielded area (= 7% of the dose), the dose to which the shielded area is exposed is significantly
below the threshold dose of 1 ¢Gy for the disruption of cognitive performance by exposure to '°0

particles (Rabin et al., 2011).

Overall, these results suggest that whole-body exposures to the types of radiation encountered
in space are not more likely to disrupt cognitive performance than are head-only or body-only
exposures. Further, these results suggest that irradiation of the head is not a necessary condition
for the disruption of cognitive performance. As such, the indirect effects of exposure to HZE

particles may play a critical role in the disruption of cognitive performance.
Indirect Effects

HZE particle irradiation is densely ionizing, which means that it produces biological damage
that is distinct from that produced by sparsely ionizing radiation (e.g., X- and gamma-rays). For
example, DNA lesions resulting from direct HZE particle strikes are complex and subsequently
difficult to repair (Durante, 2009). While the exact implications of these differences are not fully
understood, it is now recognized that direct particle strikes to the nucleus are only one of several
ways that HZE exposure can damage cells, including cells in the CNS. For example, damage can
occur from activation of oxidative stress, inflammation, and changes in various cellular proteins.
These indirect effects can also result in genetic damage or radiation-induced changes in other
important biological processes that more readily induce oxidative stress that damages cellular
components, including proteins, nucleic acids, and lipids (Li et al., 2014) in the same cell or in

neighboring cells that have not been directly hit by an ion. This fact is especially important for the
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CNS, since oxidative damage is linked to aging and numerous disease states, including
neurodegenerative disorders. While direct particle strike and oxidative stress can damage cells in
the CNS, these activated or altered biochemical processes could damage additional areas of the

brain, which in turn could negatively affect behavior.

Several lines of evidence suggest that body tissues not directly targeted by irradiation will
subsequently show signs of radiation-induced tissue changes (Pecaut et al., 2003; de Toledo et al.,
2011; Jain et al., 2011; Kennedy et al., 2012; Marquette et al., 2003; Nagasawa & Little, 1992;
Zou et al., 2012). For example, rats exposed to head-only titanium ions (50 cGy, 1100 MeV/n)
displayed a down-regulation of proteins in the liver that are important for fatty acid metabolism
(Jain et al., 2011). Importantly, these changes occurred in non-targeted tissue, i.e. the liver was not
irradiated, but radiation-induced changes in proteins were found in this organ at 20-months post-
exposure. Further, body-only (head-shielded) irradiation activates pro-inflammatory cytokines in
the brain six hours after exposure (Marquette et al., 2003). These results support the existence of
space radiation-induced non-targeted effects (Jain et al., 2011; Cucinotta & Chappell, 2010; Turker
et al., 2009) and demonstrate that these effects persist long after the actual exposure. Given the
fact that these non-targeted effects persist for months following exposure, they are most likely a
consequence of prolonged oxidative stress and peripheral immune system activation (Jain et al.,
2011; Marquette et al., 2003). Indeed, there is a great deal of communication between the
peripheral immune system and the brain, and activation of the peripheral immune system
influences cognition, mood, and ultimately behavior (reviewed in Dantzer et al., 2008; Maier &
Watkins,1998). For example, peripheral administration of interleukin-1 (IL-1), lipopolysaccharide
(LPS), and other infectious agents induce activation of IL-1 in the brain, which suggests that the
brain is activated by and responds to increases in peripheral pro-inflammatory cytokines (Dantzer
et al., 2008; Maier & Watkins, 1998; van Dam et al., 1992). In experimental animals, activation of
pro-inflammatory cytokines in the brain in response to peripheral immune system activation
impairs contextual fear conditioning (Pugh et al., 1998). Further, in humans, major depressive
disorders are more common in patients diagnosed with rheumatoid arthritis, cardiovascular
disease, or type-2 diabetes, various conditions that lead to chronic inflammation (reviewed in
Dantzer et al., 2008). In addition to these cognitive impairments in animals and humans, IL-1f and
TNF-o administration also alter circadian activity patterns by flattening the diurnal activity rhythm

(Cavadini et al., 2007; Ohdo et al., 2001).
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Since irradiation is a potent pro-inflammatory agent, exposure of the whole body would be
expected to lead to an increase in peripheral pro-inflammatory cytokines that would cause
activation of these cytokines in the brain, which could lead to long-term changes in physiological
and neurobehavioral function. Although body-only (head-shielded) exposures cause minimal
immediate changes in body temperature (Kandasamy & Hunt, 1990), the fact that non-targeted
effects of space-radiation are apparent 20-months post-exposure (Jain et al., 2011) suggests that
alterations in behavior and other physiological processes could be evident beyond the 120-minute
time-point previously reported (Kandasamy & Hunt, 1990). Further, effects in the periphery are
potent enough to cause changes in the brain that lead to neurobehavioral deficits (Rabin et al.
2014). Interestingly, activating the peripheral immune system (LPS injection) following head-only
Fe exposure restored the radiation-induced inhibition of hippocampal plasticity (Vlkolinsky et
al., 2007). Although the neurobehavioral implications of these results were not tested, this study
suggests that the peripheral immune system can interact with and alter radiation-induced brain

changes.

In conclusion, radiation-induced neurobehavioral deficits have been reported following head-
only, body-only, and whole-body exposures, which demonstrates that exposure of the head is not
required for these behavioral deficits. Deficits following body-only exposure are hypothesized to
be a function of the indirect effects of HZE exposure, including activation of the peripheral

immune system.
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